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l. Introduction

The layered perovskite compounds QBa2Cu3O6*,
(91236+x) display a wealth of interesting prop-
erties I I ]: high-temperature superconductivity,
metal-insulator phase transition, structural phase
transitions, and two-dimensional magnetic order, to
name but a few. Many of these properties are af-
fected by varying the component atoms at particular
sites in the Q1236*x compounds. However, the rare
earth site 9l in 9ll236Ix can be replaced by many
of the rare-earth elements with little effect on the su-
perconductivity. An exception to this occurs for Pr,
where even fully oxygenated Prl237 is not super-
conducting [2 ]. Measurements of the effect of Pr on
the properties of 11237 [3 ] are important in order
to gain insight into the mechanism of superconduc-
tivity in the layered perovskites.

The lack of superconductivity inPrL237 is thought
to be related to the hybridization of the Pr wave-
function at the Fermi level [3]. The antiferromag-
net ic  order ing of  Pr  in  Pr l237 at  l7  K [4]  -  a  tem-
perature at least two orders-of-magnitude higher than
expected by a purely dipolar interaction, such as is
seen in other Q1237 compounds [5 ] - indicates that
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the Pr ions are strongly coupled through the CuO2
planes. Inelastic neutron scattering results [6,7] show
quite broad crystal field excitations, which have been
successfully interpreted in light of the crystal-field
splitt ing of exchange-coupled Pr [7].

There are three copper layers in Ihe n1236+x
structure. Two of these layers, the so-called "plane"

layers, consist of Cu(2) sites, which are in a pyram-
idal coordination, bonded by O2-ions along both the
a- and b-axes. The third layer, the "chain" layer, is
composed of Cu( I ) sites, which are in a planar co-
ordination, bonded by O2-along the b-axis. At xr 0,
there are no oxygen ions directly between the Cu( I ),
but as the oxygen content is increased to x:1,
Cu( I )-O'�--Cu( I ) chains are formed. The I layers
are sandwiched between the Cu(2) layers, and the
Cu( I ) layer is sandwiched between the Ba layers: the
sequence along the c-axis is Cu(2)-Ba-Cu( 1 )-Ba-
Cu(2 ) - s -Cu (2 ) .

For all the rare earths that form the 123 crystal
structure, with the exception of Pr, the Cu spins only
order for x50.5, where the materials are non-con-
ducting. At x:0 the Cu(2) spins order at ?"1qo:525
K in a simple antiferromagnetic structure, with near-
est neighbors antiparallel along all three axes, as
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shown in firg. 1(a). As there is one Cu(2) per unit
cell along the c and b directions, while there are two
Cu(2) layers per unit cell along the c direction, the
antiferromagnetic unit cell is double the chemical unit
cell along a and b only. As a result, this so-called
"plane" ordering is characterized by magnetic Bragg
reflections (y: , l), where / is a whole integer. These
are referred to as "whole-integral" reflections. Below
the Neel temperature 7'*o, the intensities of these
whole-integral reflections, which are directly related
to the sublattice magnetization, increase with de-
creasing temperature as the average ordered moment
lncreases.

At a lower temperature ( I*.= 80 K for x:0. I ),
the "chain" Cu( I ) spins also been observed to order
in some samples t1,8,91. Since the basic interaction
between the layers is antiferromagnetic and the
neighboring Cu(2) planes are already antiferrom-
agnetically aligned, the competition between the two
antiferromagnetic stacking arrangements causes
Cu ( I ) spins to order in a direction orthogonal to the
Cu(2) spins, producing a non-coll inear spin struc-
lure, as shown in fig. I (b). This non-coll inear spin
structure is evidenced by the observation of a com-
bination of whole-integral "plane-ordering" reflec-

tions and a new set of "half-integral" (ii, reflec-
tions. The new reflections indicate that we have a
new magnetic unit cell that is now doubled along the
c-axis. Below the second ordering temperature ?"*.,
the half-integral reflections increase in intensity with
decreasing 7, while the whole-integral reflections de-
crease in intensity. As I approaches 0 K, the spin
structure tends to a collinear ground state, where the
whole-integral reflections have vanishing intensity
and only the half-integral reflections survive.

As x increases from 0.1, the plane and chain or-
dering temperatures both decrease, indicating that
the Cu magnetism is related sensitively to the elec-
tronic structure of both the chain and plane layers.
In fact, the chains have a very large magnetic sus-
ceptibility: the chain ordering temperature is dra-
matically increased (to the plane ordering temper-
ature)  by doping Co into the Cu( l )  s i te  [0]  or
doping Nd into the Ba site I I I ]. The presence of
plane order itself appears to increase the chain or-
dering temperature: Ip":80 K for Ndl236. I [8].
whereas ?"1.{":4.3 K for Sr2CuO3, an infinite Cu chain
compound with no Cu planes I l2 ]. We have studied
the Cu magnetism in Pr I 236 * x to compare with the
behavior of the other ltt1236* x compounds and to

(a) a (b) (c)
Fig. I . Moment directions for the magnetic structures of (a ) the plane-only ordered state of Pr I 23 and Nd 123, ( b ) the plane and chain
ordered state ofNdl23, and (c) the plane and chain ordered state ofPrl23, where the Cu chain moments have a significanl componenl
along the c-axis. The arrows are all unit vectors and the apparent length changes are due only to foreshortening.
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further elucidate the effect of Pr on these layered
perovskites.

2. Sample characterization, oxygen concentration,
and magnetic ordering of Cu chains and planes

Our sample of PrBa2Cu3O6+r was a single crystal
with dimensions 4x2.5X0.5 mm3 grown from a
BaCOE/CuO self flux by spontaneous crystallizarion
I l3 ]. We measured this sample a1 four oxygen con-
centrations, which we label as x1, x2, x3, and ,c4: the
as grown crystal, Prl236* xr;Prl236* x2, which was
annealed in one atmosphere of 02 at 450"C for four-
teen days; Prl236*4, which was annealed in hy-
perbaric (20 MPa) O, at 500"C for 14 days; and
Prl236* xo, which was annealed in vacuum at 450.C
for 14 days.

The neutron diffraction measurements were per-
formed at the National Institute of Standards and
Technology Research Reactor on the BT-2, BT-4, BT-
6, and BT-9 spectrometers. These are all standard
triple-axis spectrometers, which were operated in
two-axis mode for these measurements. A pyrolytic
graphite (PG) monochromator was employed in
each case, and a wavelength of /.:2.35 A was chosen
so that a PG filter could be used to suppress higher-
order wavelength contaminations. Typical collima-
tions for the magnetic measurements were 60'-40'-
Sample-40'. The sample was aligned so that (hhl)
reflections were in the scattering plane. Integrated
intensities ofthe reflections were obtained by rotat-
ing the sample at constant 2d" through the Bragg
peak.

The magnetic scattering intensity is given bV I I a ]

, ̂= r r(1,t, p,1i 1i. *r,1 ""'',"- rl) 
o,

where C is an instrumental constant, l, is the Lorentz
factor (which in the case of sample rocking scans is
Isin(2ds) l- '), Wt is the Debye-Waller factor, r is
the reciprocal lattice vector, and, ft, is a unit vector
in the direction of the spin at site j, located at po-
sition rr. The magnetic scattering amplitude for the
7ih magnetic ion is given by

aro2

Pi: fu (n)f ,( t ' t  .

( l )

where the numerical coeflicient is -0.27x l0-12 cm,
(p;) is the thermal average of the moment at site j,
and, f,(r) is the magnetic form factor, which is the
Fourier transform of the atomic magnetization den-
sity due to the jth atom. The summation in eq. ( 1)
over all n atoms in the unit cell is the magnetic struc-
ture factor, which we note in the present case is a
vector quantity as we must consider the general case
of non-coll inear magnetic slructures.

The single crystal X-ray diffraction measurements
were made at the University of Maryland with a ro-
tating anode diffractometer. We used ,tr : I .545 I 78 A
Cu Ka radation reflected from a vertically focusing
pyrolytic graphite (002) monochromator. For these
measurements, the crystal was aligned so that (1,0/)
reflections were in the scattering plane.

2.1.  Pr l236*x,

The single crystal was of high quality, and we typ-
ically observed rocking curves that were resolution
limited, both for the structure peaks observed with
neutrons or X-rays as well as for the magnetic Bragg
peaks. Our crystal growth technique produces as-
grown crystals that are quite oxygen-defrcient, and
we estimate xt - 0.2 based on susceptibility and mag-
netization data. Our neutron scattering measure-
ments showed that the as-grown crystal ordered an-
tiferromagnetically at I": 370 K, and over the entire
temperature range 20K<f<340K, we observed
only half-integral peaks. The absence of whole-in-
tegral peaks demonstrates that at this oxygen con-
centration both the Cu plane spins and the Cu chains
spins order together at the same temperature.

The temperature dependence of the intensity of
the strongest magnetic Bragg peak, the ( I l3 ) reflec-
tion, is shown in fig. 2. The data at high ?.are limited
to 340 K by the cryogenic equipment that was avail-
able for these measurements. The solid curve is a fit
to an S: j mean field model, which we used as a
guide to the eye, as well as to estimate the N6el tem-
perature. The mean-field fit yields an ordering tem-
perature of 390 K. However, this frtting procedure is
known to give an overestimate of the actual N6el
temperature. We discuss this point in more detail
when we present our data for the xa sample, for which
we obtained data over the entire temperature range

( 2 )
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Fig. 2. Temperature dependence of combined plane and chain
ordering for Prl 236 *x1, as given by the intensity of the ( I l 3 )
reflection. The solid curve is a fit ofthe data to the square ofa
spin-] Brillouin function.

of interesl. Taking this overestimate into account,
we estimate ?"1q : ?"1.1": 7t1qo = 370 K. Such a high
chain-ordering temperature has only been observed
in substitutional systems in which the electronic
structure is affected, such as introducing Co on the

chain s i te  i l01,  or  Nd on the Ba s i te  u l l ,  and is
further evidence that the Pr is significantly affecting
the electronic structure of the system. This is in sharp
contrast to the observed behavior of the other
91236* x compounds, where the maximal observed
?"11":80 K.

2.2. Prl236*x2

The single crystal was annealed at 450'C in one
atmosphere of 02 for l4 days, and then the magnetic
scattering was remeasured. In the temperature range
355 K> T> 170 K, we observed only whole-integral
peaks, and thus in this temperature regime, only the
Cu(2) spins are ordered. The temperature depen-
dence ofthe strongest whole-integral peak, the (\i2)
reflection, is shown in fig. 3. Above 170 K, the data
again follow an S: I mean field model fit, and we
obtained an ordering temperature from the fit of
390 K, just as for the as-grown sample. Hence, we
estimate fi1or 370 K. The change in oxygen concen-
tration (see below) therefore has not affected Zyo,
in sharp contrast to the behavior observed in all the
other A1236+x systems. In fact, we find that fi1o is
independent of the oxygen concentration to within
our experimental accuracy over the range ofoxygen

200

T

Fig. 3. Temperature dependence ofplane and chain ordering for

Pr l236*x2,  as given by the intensi ty of the ( j j2)  and t l i j )
reflections. The Cu ( 2 ) moments order at ?.po : 370 K, whereas

the Cu chain moments also become ordered be low I.": I 60 K.
The decrease in the (ji2) intensity and the concomitant in-

crease in the ( + i; ) intensity are due to the conversion from the

spin structure offig. I (a), above I"", to the spin structure offig.
I (c), below 7N". The solid curves are a fit ofthe data to the square

ofa spin-| Brillouin function; see text for a discussion ofthe es-
timate of lpo. The dashed curve is a guide to the eye.

concentration explored (up to x:0.65).
Below I: 170 K, f ig. 3 shows that lhe whole-in-

tegral peak intensities start decreasing, while new
half-integral peaks are observed that increase with
decreasing temperature. At low temperatures the half-
integral peaks saturate in intensity. while the whole-
integral peaks become very small in intensity. This
is identical to the behavior observed in the
Ndl236*x [8] system, and indicates that the chain
spins are becoming ordered below Ip": 170 K. We
will discuss the details of the spin structures and the
values of the ordered moments below.

It is clear that increasing the oxygen content is
strongly detrimental to the ordering of the chain
spins, as I"" has decreased from 370 K to 170 K.
Nevertheless, the powder data taken [4] to observe
the Pr ordering at low temperature ( l7 K) did not
indicate any chain ordering in the fully oxygenated
material. In addition, pSR data [ 15,l6l at x: I show
that just a single site orders, at -275 K, whereas at
small x, two sites are observed, with I* above room
temperature. Thus it is likely that the present oxygen
anneal on the single crystal has not resulted in full
oxygen stoichiometry. One straightforward way of
determining the absolute oxygen concentration is via
neutron profile refinenment on a powder, but of

i
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course this technique is not applicable to single crys-
tals, and thermogravimetric measurements only pro-
vide relative oxygen concentrations. In an effort to
determine the oxygen concentrations in the single
crystal, we used X-ray techniques to make a precise
determination of the room temperature lattice con-
stants, and then related these to the oxygen content
via the experimentally-determined phase diagram of
L6pez-Morales et al. [ 17 ]. Unfortunately, the lattice
constants of Prl236*x have very l itt le dependence
on the oxygen concentration except in the vicinity of
the orthorhombic-tetragonal transition, so this tech-
nique only enables one to determine whether the ox-
ygen concentration is above, below, or near that of
the orthorhombic-tetragonal transition (x- 0.65 ).

We measured the Bragg angles, 20", of the (ft00)
( l <h<4 )  and  (00 / )  ( l  < /<  l 4 )  r e f l ec t i onsw i th  A -
2d scans. We then determined the lattice parameters
by a least-squares frt to, e.g., in the case ofthe c-axis,

PrBa2Cu3O6*,2 lattico constant determination

c = 11.729(2) A

a - 3.896(1) A
b  -  3 . 9 2 1 ( 1 )  A

. 0h0
o hoo

Fig. 4. Observed X-ray Bragg angles as a function of index for
(00/) (top ) and ( 100 ) (bottom ) reflections. The observation of
an orthorhombic splitting with the X-ray measurements and the
lack of the same for the neutron measurements, as well as the
derived lattice parameters from the X-ray measurements, imply
that x2 - 0.65. The solid curves are the results of least squares fits
t o e q .  ( 3 ) .

to an S: j mean field model yields an ordering tem-
perature of 425 K, and thus we estimate an increased
?"1.{r:405 K.Between 180 K and 240 K a slight
amount of helf-integral intensity appears, while the
whole-integral intensity goes through a slight dip as
shown. Below 180 K, the half-integral intensity
strongly increases as the whole-integral intensity de-
creases, as seen previously for the x2 sample, but with
a slightly higher chain-ordering temperature. We also
measured, via X-rays as described above, the room
temperature lattice parameters, and found
a=3 .882 (4 )  4 . ,  b=3 .9 t42 (4 )  A ,  and  c=  I1 .720 (5 )
A, wittr a significant amount of twinning. These pa-
rameters are not consistent with the phase diagram
of L6pez-Morales et al. I l7 ], and we suspect that the
surface region of the sample may be affected by the
hyperbaric 02 treatment. It appears as if the sample

* o

( 3 )
, l

( I = - =
]sin(es+e')

Figure 4 shows the data for the x2 concentration. The
lattice constants of Prl236*x2 are found to be
a :3 .896 ( l  )  A ,  b=  3 .92 t ( l  )  A ,  and  c=11 .729 (2 )
A, with a slight amount of twinning observed. We
also examined the (200) reflection using,l:2.35 A
neutrons and tight coll imation ( l0'-10'-10' -20, )
with a PG(002) analyzer crystal, and observed ro
twinning, leading us to believe that the vast majority
of the sample is on the oxgygen-deficient side of the
orthorhombic-tetragonal transition. The combina-
tion of the X-ray and neutron observations suggests
that the sample is at the orthorhombic-tetragonal
transition, i.e., x2 - 0.65 [ l7 ].

2.3. Prl236*xj

A hyperbaric (20 MPa) 02 anneal of the sample
was performed with I= 500'C for 14 days at AT&T
Bell Laboratories in an attempt to fully oxygenate
the sample. The mass of the crystal changed from
I1.012 mg before the hyperbaric anneal ro I1.016
mg after. This weight change implies that the differ-
ence x3-x2x0.016, a very small change. Neutron
magnetic diffraction data were then retaken. In the
range 350 K>T>240 K, only the whole-integral
peaks are observed, as shown in fig. 5. Fitting the data
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Fig. 5. Temperature dependence ofplane and chain ordering for
Pr l236*x3,  as given by the intensi ty ofrhe ( j12) and ( l i i )
reflections. The Cu ( 2 ) moments order at ?""o: 405 K, whereas
both the plane and chain Cu moments are ordered below
7"y": I 80 K. The behavior ofthe intensity in the region between
I 80 K and 240 K suggests that the sample has become multi_phase
as a result ofthe hyperbaric oxygen treatment. The solid curve is
a fit ofthe data to the square ofa spin-] Brillouin functron; the
difference between the fNe and the Brillouin fitted value is dis_
cussed in the text.

has become multiphase, with parts of the sample or_
dering at different temperatures.

2.4. Prl236*xo

The final anneal of the sample was in vacuum at
450'C for l4 days, in order to remove oxygen. Un_
fortunately, the change in weight could not be de_
termined as a small piece of the crystal broke off and
was lost during the annealing process. The magnetic
diffraction data are shown in frg. 6. The temperature
dependence of the whole- and half-integral peak in_
tensities behave qualitatively as observed for the x2
sample. The plane ordering temperature returned to
(essentially) the same value as for x, and -lr2;
Zluo= 370 K. The chain ordering temperature, on the
other hand, increased to ?np"=27g(l) K, as indi-
cated in fig. 6. Hence, it appears that the oxygen con_
tent is between that of the original as-grown crystal
and  x2 (  -0 .65 ) .

We were able to measure the xo sample at tem-
peratures up to 400 K, with the result that we ex_
plicitly observe Tp"x370 K as the temperature at
which all magnetic Bragg intensities vanish. Fitting
the (li2) intensity data for the temperature range
T>290 K to a Brillouin function gave an ordering

PrBa Cu O

. l/2 1/2 3t2

. 1 / 2 1 / 2 2

B
1 2 1 1 2 3 / 2 t i l

200 250

T (K)

j.. l
\ l

350 400

Fig. 6. Temperature dependence ofplane and chain ordering for
Prl236*xa, as given by the inrensiry of rhe ( !i2) and (l|lz)
reflections. The Cu(2) moments order at I*o:370 K, whereas
both the plane and chain Cu momenls are ordered below
Zp": 280 K. The solid curve is a fit ofthe data lo the square ofa
Brillouin function. The dashed curve is a guide to the eye. Note
that the Brillouin fitted value overestimates ?"po as discussed in
the text.

temperature of 380 K, as shown in fig. 6, whereas a
similar fit over the restricted temperature range
350 K> T>290 K increased the ordering tempera-
ture to 390 K. For the xr and x2 data, ?"* is therefore
overestimated by 20 K from a mean field fit to the
data. We have thus reduced the fitted values of the
ordering temperatures for the xt, x2, arrd x3 samples
by 20 K in order to determine ?"". This is certainll
a valid procedure for the x2 sample, as the whole-in-
tegral intensity curves for x2 and x4 can be super-
imposed over the plane-only ordered region, indi-
cating that I*o is the same for both.

3. Results and discussion

At all four oxygen concentrations studied in this
Prl236*x sample, we have observed magnetic or-
dering of the Cu spins at approximately the same
temperature of ?"1.qr:370 K. At the higher values of
x, where only the Cu plane moments are ordered. we
find that the spin structure is identical to that which
has been previously observed for all the 123 plane-
only ordering [8]: the Cu(2) spins are staggered
along all three axes (see fig. I (a) ), and the momenr
directions are in the ab plane with a moment of
0.55( l0)ps at 300 K. We have found rhar the rela-
tive intensities ofthe whole-integral peaks agree fairly

i R

0
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well with the calculated intensities for this model,
although there are some systematic discrepancies that
are likely related to the magnetic form factor (eq.
(2)). Detailed studies of the magnetic form factor
will be the subject of a separate study.

The ordering of the Cu chains spins in this
Prl236 *,r single crystal is similar to the type of or-
dering lhat has been studied in detail in Ndl236.l
[8], but occurs at much higher temperatures (all
greater than 150 K) than ever observed in ..pure"

123 (all less than 100 K). Indeed, it is necessary to
dope Nd onto the Ba site or Co to the Cu ( I ) site to
get TNc so high. The effect of these substitutions im-
plies that there is some electronic effect from these
sites on the state of the chain Cu, and this is certainly
consistent with the other observations for pr1236-l x,
viz. the semiconducting behavior over the entire ox-
ygen concentration range, the broad crystal-field lev-
els. etc.

We have found, however, that there are some im-
portant differences between spin structures in the
chain-ordered regimes for the pr I 23 and Nd I 23 sys-
tems - in fact the relative intensities are quite dif_
ferent for the two materials. A detailed analysis for
the Ndl23 samples [8] showed that both rhe plane
and chain moment directions are in the ab plane, with
a chain moment that is about 40o/o of the plane mo-
ment at low temperature. If we fit the observed in_
tegrated intensities of Prl236*x2 at T-20 K to this
Ndl23 model  (see f ig .  l (b)) ,  we obrain a Cu( l )
moment of 0.2ps and a Cu(2) moment of 0.g5ps,
at a relative angle of I 5 ". However, the fit to the data
is not particularly good. A much improved fit to the
observed intensities can be achieved if we relax the
constraint on the Cu( I ) moment so that it can have
an ordered component along the c-axis, as indicated
in fig. l(c). We find that the ab plane components
of Cu( I ) and Cu(2) are 0.05 and 0.7 ps, respec-
tively, while the c-axis component of Cu ( I ) is 0.09ps.
Thus we frnd that the chain moments are mainly
along the c-axis.

The observation that ?"1u" decreases substantially
with increasing oxygen stoichiometry, while INo does
not, reveals a very important difference between the
Cu magnetism of Prl236*:rand the other 8l236tx
compounds, which may be explained in light of re-
cent optical reflectivity measurements on prl236*x

I l8]. For potentially superconducting fr1236*x

compounds, on increasing the oxygen stoichiometry
from J:0, the holes are initially doped mainly on
the Cu( l )  p lanes,  and then main ly  to the Cu(2)
planes for x> 0.5. The magnetic ordering of both the
plane and chain Cu sublattices disappears near
x=0.5.  In  Pr l236*x,  Takenaka et  a l .  I  l8 ]  have ob-
served that holes are not doped into the Cu ( 2 ) planes
by the addition ofoxygen, but are instead doped onto
the Cu( 1 ) sites and possibly the Pr ions. The inten-
sit ivity of the Cu(2) magnetism to the oxygen stoi-
chiometry of Prl236*x is consistent with the dif-
f iculty of doping holes onto the Cu(2) planes,
whereas the decrease of I*" with increasing oxygen
stoichiometry is consistent with the doping of holes
onto the Cu( I ) planes.
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